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1
FACETED OPTICS FOR ILLUMINATION
DEVICES

CROSS-REFERENCE TO RELATED
APPLICATION

The present invention claims priority to and the benefit of
U.S. Provisional Application No. 61/531,675, filed on Sep. 7,
2011, the entire disclosure of which is hereby incorporated
herein by reference.

TECHNICAL FIELD

In various embodiments, the present invention relates to
optics for illumination devices incorporating multiple light-
emitting diodes (LEDs), in particular optics that minimize
beam spread while obscuring the LED dies.

BACKGROUND

Light-emitting diodes (LEDs) are increasingly being uti-
lized as discrete light sources in various illumination devices.
As with illumination devices based on other light sources
(e.g., incandescent bulbs), lenses or other types of optics may
be utilized to collimate and direct the light from the LEDs.
When a small individual LED die is utilized in an illumination
device, and when the exit area of the optic is large compared
to the area of the die, the LED die effectively acts as a point
source of light, and conventional optics, such as a parabolic
reflector (e.g., a parabolically curved metal surface) or con-
vex lens, may be utilized—with the LED placed at the focus
of the optic—to form a collimated beam of light for general-
illumination applications such as utility lights or flashlights.

However, to increase the light output from LED-based
illumination devices, multiple LED dies are often used in a
single device, e.g., arranged in an array, to form an extended
light source. This entails two problems: First, as the total area
of'the light source increases in comparison to the exit area of
the optic, the light source is no longer a point source, and
collimation of the light becomes difficult. For example,
whereas a point source placed at the focus of a parabolic
reflector produces a collimated beam, an extended light
source placed at the focal plane inevitably results in some
degree of beam divergence. Second, for practical reasons
(such as manufacturing limitations), an extended light source
composed of multiple discrete light sources rarely forms a
continuous, uniformly emitting surface. In an array of LED
dies, for example, the individual dies are typically spaced
apart, resulting in dark borders between the rows and col-
umns. As the light is collimated (or nearly collimated), these
dark borders appear in the beam profile, disrupting its unifor-
mity.

For most general illumination applications, such as to high-
light an article (for example, in a retail store) or to throw the
light beam a long distance to increase visibility of distant
objects (e.g., as with a flashlight), it is desirable to have a
narrow (i.e., low-divergence) beam of light free of visual
artifacts and with a high central beam intensity. The desire for
such artifact-free beams is often at odds with the drive to
produce high-brightness beams with multiple LED dies. Vari-
ous approaches have been used to minimize the imaging (i.e.,
in-beam visibility) of individual dies in order to achieve
bright, yet uniform beams. In general, however, the methods
used to minimize the visibility of individual dies in an illu-
mination device that contains many dies often conflict with
the methods utilized to produce a narrow optical beam and the
need to preserve high optical efficiency.
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In one approach, features placed at the exit surface of the
optic are used to disperse the beam, i.e., direct light away
from the central axis. For example, the surface can be textured
at small scales or incorporate periodic shapes or elements
(such as arcs) that diverge the beam. (Such exit-surface dis-
persion optics are often called “pillow optics™ since they
consist of an array of curved surfaces resembling pillows.)
The overlap between individual divergent beams resulting
from the light-dispersing features may achieve a relatively
uniform illuminated surface, but also causes undesirable
broadening of the overall light beam. Likewise, more finely
divided surfaces closer to the wavelength of the light can
cause light scattering, again resulting in a divergent beam that
obscures visual artifacts but is undesirably broadened. Fur-
thermore, because the finely divided surface is easily dam-
aged by contact and can be easily modified by contaminants
that change the interfacial optical properties, exit-surface
light dispersion is unsuitable for many applications.

In another approach, which is often used in traditional
reflectors, the surface of the optic is faceted, i.e., approxi-
mated by multiple (typically planar) surface segments. Face-
ting moves the light slightly off the central axis. By faceting
over the entire surface of the reflector, imaging of the light
source may be prevented—but once again at the expense of
broadening the light beam. Hence, faceting is often used in
floodlights. In general, the larger the facets, the more
obscured the non-uniformities of the light-emitting surface
will be. However, larger facets themselves introduce artifacts
in the light beam, thus undermining the beam uniformity they
are intended to accomplish.

Accordingly, there is a need for alternative optics for illu-
mination devices incorporating LED dies as their light
sources that reduce non-uniformities resulting from the
arrangement of the light sources while minimizing beam
broadening and artifacts introduced by the optic itself.

SUMMARY

The present invention provides faceted optics for use in
conjunction with (typically planar) arrangements of discrete
light sources (e.g., an array of multiple LED dies) that over-
come many of the problems of the prior art by improving or
optimizing the trade-off between beam divergence and beam
non-uniformity, and between non-uniformities resulting from
the imaging of the extended light source and artifacts intro-
duced by the optic itself. As utilized herein, a “faceted” optic
refers to an optic whose reflective or refractive surface (as
distinguished from the entrance and exit surfaces) is discon-
tinuous along one more lines, resulting in multiple surface
segments (the “facets”) whose edges are formed by the dis-
continuities. In certain preferred embodiments, the facets are
planar (i.e., do not have curvature), but collectively approxi-
mate a curved surface. For example, a parabolic surface may
be approximated by many planar quadrilaterals whose verti-
ces lie on a paraboloid. Facets that have (non-zero) curvature
in one or both dimensions are, however, also within the scope
of the present invention. Typically (but not necessarily), the
optic is faceted in two dimensions: vertically, i.e., along the
intersections of planes through the optical axis (which is, for
a symmetric optic, the symmetry axis, with the surface of the
optic), and azimuthally, i.e., along the intersections of planes
perpendicular to the optical axis with the surface of the optic.

In various embodiments, the optic is a TIR optic, i.e., a
solid block of transparent material of a refractive index that
results in total internal reflection (TIR) of light emitted from
the vicinity of its focus and incident upon the solid-air inter-
face. An LED array placed at the focal plane of the TIR optic
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may serve as the extended light source. The TIR optic may
take the form of a truncated paraboloid (which herein means
that the vertices of the faceted optic lie on a parabolic surface)
with parallel entrance and exit surfaces, where the entrance
surface coincides with the focal plane. In certain embodi-
ments, a central, refractive lens is provided at or near the exit
surface of the TIR optic to capture light emitted in a direction
diverging from the normal to the focal plane, which would
otherwise not be collimated because of the finite extent of the
TIR surface. This lens may, itself, be faceted.

The optics are designed—primarily via the number, size,
and arrangement of their facets—to yield a substantially uni-
form beam of light, i.e., a beam that is substantially free of
images of the discrete light sources or other optical artifacts.
The number of facets in each direction (azimuthally and
vertically) that results in desirable beam performance gener-
ally depends on other parameters of the illumination devices,
such as the size and general shape of the optic, the total
light-emitting area of the light source, the size of the dies,
and/or the spacing between the dies.

Asused herein, “substantially free of images” or “substan-
tially free of artifacts” means that any images of the light
source or artifacts are either not visible to the unaided human
eye under ordinary viewing conditions, or are at least very
subtle and, thus, tolerable. What level of non-uniformity is
tolerable depends, generally, on the particular application and
the requirements on other beam parameters (such as beam
divergence). To quantify beam uniformity, the beam may be
characterized in terms of its brightness (or luminous inten-
sity), measured in units of candela. In some embodiments, the
beam brightness (as measured in units of candela) in a cross-
section of the beam varies locally by less than 5%, preferably
less than 1%, more preferably less than 0.2%. A local varia-
tion in beam brightness is, herein, understood to be the varia-
tion in brightness (maximum to minimum) through the region
of brightness reduction (e.g., a region where brightness is
reduced as a result of visual artifacts).

In addition to being substantially free of artifacts, the beam
preferably has a high central beam brightness and a low
degree of divergence. The beam divergence is herein defined
as the angle, taken in a plane that includes the optical axis,
between two straight lines from the intersection of the optical
axis and the light source (which is, typically, the center of the
light source) to two points in a beam cross-section taken at a
large distance from the light source where the luminous inten-
sity of the beam has fallen off to half of its maximum inten-
sity. Beam divergence, thus, relates directly to the width of the
beam. The width (defined as the distance between the points
of half-maximum intensity on both sides), and thus the beam
divergence, generally increases if the maximum beam bright-
ness is not at the center of the beam. Therefore, a dip in the
beam brightness at the center generally correlates with a
larger divergence.

Accordingly, in one aspect, the invention provides an optic
for use in conjunction with an extended light source compris-
ing a plurality of discrete light sources that includes a solid
structure formed of a substantially transparent material and
having an outer surface includes a plurality of planar facets
collectively defining a faceted paraboloid. (The material may
be considered substantially transparent if the optic transmits,
e.g., at least 90%, preferably at least 95%, more preferably at
least 99% of light entering at the entrance surface of the
optic). The facets are sized and arranged such that a light
beam exiting a first end of the optic, opposite a second end of
the optic at which the extended light source is disposed, is
substantially free of images of the discrete light sources and
artifacts resulting from faceting. In various embodiments, the
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brightness of the beam varies locally by less than 3%, less
than 1%, or even less than 0.3%. In some embodiments, the
beam divergence angle exceeds a baseline beam divergence
angle (as defined further below) by less than 5%.

In certain embodiments, the brightness of the beam is not
substantially lower in a center than in regions surrounding the
center (e.g., not lower by more than 10%, preferably not lower
by more than 5%, more preferably not lower by more than
3%), even if the optic is used in conjunction with an extended
light source that does not emit light at the symmetry axis of
the paraboloid. In other words, the beam may have a substan-
tially uniform center portion (despite a light source not emit-
ting at the center, i.e., at the axis of the paraboloid).

The solid structure may have a convex lens surface at an
axis of the paraboloid, which may be recessed or protrude
from the first end of the optic. In some embodiments, he
convex lens surface is faceted. For example, it may be divided
into two facets in a vertical direction. The total angular cov-
erage ofthe convex lens and the paraboloid (as defined further
below) may exceeds 75°, and preferably 80° or even 85°.

In some embodiments, the outer surface of the optic (and/
orthe convex lens surface) is divided into at least thirty and no
more than sixty facets in an azimuthal direction. A vertical
angular extent of the planar facets of the outer surface may be
in the range from about 5° to about 10°. In some embodi-
ments, all of the facets have substantially the same vertical
angular extent (with variations, e.g., resulting from manufac-
turing inaccuracies, being less than 3%, preferably less than
1%). In particular embodiments of an optic for use in con-
junction with an extended light source comprises twelve
light-emitting diodes, the outer surface of the optic has an
angular extent of about 50.5° and is divided into eleven facets
into a vertical direction and into 54 facets in an azimuthal
direction. In various embodiments, the total number of facets
of'the optic is in the range from about fifty times to about one
hundred times the number of discrete light sources within the
extended light source.

The second end of the optic may coincide with the focal
plane of the paraboloid. The paraboloid may be truncated at
the second end. The solid structure may have a concave
entrance face recessed from the second end for receiving light
from the plurality of discrete light sources.

In another aspect, the invention relates to an optic (for use
in conjunction with an extended light source comprising a
plurality of discrete light sources) that includes a solid struc-
ture formed of a substantially transparent material and having
an outer surface comprising a plurality of planar facets col-
lectively defining a faceted paraboloid, with facets sized and
arranged such that a light beam exiting a first end of the optic,
opposite a second end of the optic at which the extended light
source is disposed, is substantially uniform in brightness (i.e.,
it is locally substantially uniform across the entire beam
cross-section, where uniformity may be characterized in
terms of the local variations in beam brightness, as explained
above) and has a beam divergence angle that exceeds a base-
line beam divergence (as defined below) by less than 10%.
The characteristics and features of various embodiments
described above with regard to the first aspect are applicable
here as well.

In yet another aspect, various embodiments of the inven-
tion are directed to an optic (for use in conjunction with an
plurality of discrete light sources collectively forming an
extended light-emitting surface) that includes a solid struc-
ture formed of a substantially transparent material and defin-
ing a truncated paraboloid and a convex lens surface along
and oriented normally to an axis of the truncated paraboloid.
The surface of the truncated paraboloid and the surface of the



US 9,347,642 B2

5

convex lens are faceted so as to substantially eliminate non-
uniformities of the extended light-emitting surface in a beam
exiting the solid structure at the exit surface. In some embodi-
ments, non-uniformities are deemed substantially eliminated
if they are not visible to the unaided eye under ordinary
viewing conditions. In some embodiments, non-uniformities
are deemed substantially eliminated if local variations in
beam brightness do not exceed 5% (or, preferably, 1% or
0.2%). The optic may have various characteristics and fea-
tures as described above with regard to other aspects of the
invention.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing will be more readily understood from the
following detailed description, in particular, when taken in
conjunction with the drawings, in which:

FIG. 1 is a schematic side view of a parabolic optic with a
central lens feature;

FIGS. 2A and 2B are side and bottom views, respectively,
of'a smooth parabolic optic with a smooth central lens feature;

FIG. 2C is a top view of'an LED array used in conjunction
with the optic of FIGS. 2A and 2B and optics in accordance
with various embodiments;

FIG. 3 A is an image illustrating the beam profile generated
with the LED array of FIG. 2C using the optic of FIGS. 2A
and 2B;

FIG. 3B is an image illustrating the beam profile generated
with the LED array of FIG. 2C using a parabolic optic without
a central lens feature;

FIGS. 4A and 4B are top and bottom views, respectively, of
a faceted parabolic optic with a faceted central lens feature in
accordance with various embodiments;

FIG. 5 shows beam profiles generated with the LED array
of FIG. 2C using facet optics with various numbers of facets
in accordance with various embodiments, illustrating the
effect of different facet numbers in the vertical and azimuthal
directions;

FIGS. 6A and 6B are graphs illustrating the center bright-
ness and divergence of a beam generated with the LED array
of FIG. 2C using facet optics with various numbers of facets
vertical and azimuthal directions in accordance with various
embodiments; and

FIG. 7 is a side view of a faceted parabolic optic with a
faceted central lens feature in accordance with one embodi-
ment.

DETAILED DESCRIPTION

Faceting can, generally, be applied to optics of various
types and geometric shapes (including, e.g., purely refractive
optics or spherical optics) to obscure the discrete components
of an extended light source. Various embodiments of the
present invention relate, in particular, to cylindrically sym-
metric optics including a parabolic reflector and a central
lens, as shown conceptually in FIG. 1. (FIG. 1 illustrates the
overall shape and configuration of the optic, and, for simplic-
ity, omits the facets. Note, however, that, in embodiments of
the present invention, the optic is generally modified to
include one or more faceted surfaces, as illustrated in various
figures described below.) The reflector and central lens may
form an integral structure 100, e.g., made of a solid block of
transparent material (e.g., glass or a polymer such as acrylic
or polycarbonate) that provides an internally reflective outer
parabolic surface 102 and includes a convex lens surface 104
recessed from an exit surface 106 of the optic. The lens
surface 104 may be located at a suitable depth within the
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paraboloid or, alternatively, may protrude from the exit sur-
face 106; recessing the lens is advantageous in that it saves
material and, thus, production cost of the optic 100. (Instead
of being convex when viewed from the exit surface 106 (to-
ward the LED array), the lens may be recessed from the
entrance surface of the optic and convex when viewed from
that direction (toward the exit surface). The depicted location
and orientation of the lens is, however, preferred.)

The optic 100 is truncated at the focal plane 108 of the
paraboloid, where an LED array 110 or other extended light
source may be placed. If the array 110 has bare LED die, it
may couple light directly into the solid structure 100 via a flat
entrance surface. Alternatively, the structure 100 may feature
a curved (e.g., semi-spherical) cut-out at the focal plane 108
that provides a concave air-solid interface serving as a curved
entrance surface 112 (indicated by a dashed line) that is
preferably parallel to the convex lens surface 104 such that
light undergoes little or no refraction on its path from the LED
array to the convex lens 104. The curved surface here is
“parallel” (at least the tangents are) to the exit surface (lens)
of'the LED. Therefore the light undergoes little or no refrac-
tion in making the transition from LED to lens.

Light from the LED array 110 that is incident on either the
parabolic walls 102 or the central convex lens 104 is directed
straight ahead, approximately parallel to the optical axis
114—in other words, it is collimated (or focused at infinity).
Because the LED array emits a large portion of the light along
the optical axis 114, the convex lens 104 is important for
increasing the central beam brightness. However, as illus-
trated further below, the central lens also enhances the unde-
sirable imaging of the LED array; in some embodiments, it is,
therefore, preferable to remove the central lens 104.

Light that intersects neither the parabolic surface 102 nor
the central lens 104 is generally not collimated and, thus,
contributes to the divergence of the generated optical beam.
In general, the more light is captured collectively by the
paraboloid 102 and central lens 104 (or, put differently, the
larger the total angle of coverage provided by these two
components of the optic 100), the better the beam will be
collimated. Herein, the angle of coverage o, of the reflector is
defined as the angle, measured in a cross-sectional plane
through the optical axis 114 (i.e., the symmetry axis of a
paraboloid), between a horizontal line through the focus (i.e.,
the intersection of the cross-sectional plane through the axis
with the focal plane) and a straight line from the focus to the
edge of the reflector at the exit surface; this angle increases
with the vertical extent of the paraboloid 102. The angle of
coverage ., of the central lens 104 is defined, in the same
plane, as the angle between the optical axis 114 and a straight
line from the focus of the reflector 102 to the edge of the
central lens 104.

In various embodiments, the total angle of coverage (o,
a.,) is at least 75°, preferably at least 80°, more preferably at
least 85°. The angle of coverage generally determines the
minimum possible beam divergence (i.e., the narrowest pos-
sible beam) for any given light source. (For example, for a
light source as illustrated in FIG. 2C and described further
below, the minimum possible angle of divergence is about
12.4° if the reflector 102 covers 60° and the central lens
covers 30°; a reflector coverage angle of 50° in combination
with a central-lens coverage angle of 35° yields a minimum
angle of divergence of about 15.9°; and a reflector coverage
angle of 54° in combination with a central-lens coverage
angle of 30° yields a minimum angle of divergence of about
18°.) The minimum possible beam divergence is, typically,
the beam divergence achieved by smooth reflector and lens
surfaces, which can be used as a baseline divergence against
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which the beam-broadening effect of faceting can be mea-
sured. (In applications where the light source does not emit at
the optical axis, resulting in a local minimum in beam bright-
ness at the center, faceting, although generally contributing to
greater divergence, can effectively result in a slightly
decreased beam divergence if it sufficiently obscures a “hole”
in the center of the beam. Thus, the beam divergence of a
perfectly smooth optic is, in this case, not the minimum
possible divergence.)

To illustrate the effect of faceting, consider first, for com-

parison, a conventional parabolic TIR optic, as illustrated in
FIG. 2A. The TIR optic 200 features a curved entrance face
202, smooth parabolic walls 204, a flat exit face 206, and a
recessed convex lens 208. A view of the convex lens 208 from
below is provided in FIG. 2B, showing that the lens 208 has a
continuous circular face and cross-section. The TIR optic 200
is used in conjunction with a regular array of twelve LED
dies, arranged in four rows of two, four, four, and two dies,
respectively, such that the corners of the array form a regular
octagon, as shown in FIG. 2C. Each die has dimensions of
1x1 mm. The spacing between adjacent rows is about 0.15
mm, and the spacing between adjacent columns is about 0.3
mm.
FIG. 3A shows the beam profile resulting from the optic
200 at a one-meter-distance from the light source, as com-
puter-simulated based on the parameters of the light source
and optic. The optic 200 is, unfortunately, very effective at
imaging the twelve dies contained in the LED package, ren-
dering the spacing between the dies clearly visible in the form
of darker lines in the beam profile. If the central convex
feature 208 is removed, the situation is improved somewhat,
as shown in FIG. 3B. Here, the individual dies are not well
resolved, but the dark central spot at the center of the array
(i.e., the intersection of the spacings between rows and col-
umns), which emits no light, still causes the formation of a
“donut hole” in the beam pattern; this is also highly undesir-
able. Moreover, removal of the central lens results in measur-
able beam broadening and, more importantly, a significant
drop in the central beam brightness.

FIGS. 4A and 4B depict side and bottom views, respec-
tively, of a parabolic optic 400, including a central lens, that is
faceted in accordance with one embodiment of the present
invention. The angular extent of paraboloid from the focal
plane (i.e., the angle of coverage) is 50.5°. FIG. 4A shows
arrows 402 extending from the center of the die array 404 to
the horizontal edges of the facets at the surface of the parabo-
loid. In the illustrated example, the paraboloid is vertically
segmented into 51 facets, each covering an angle of 1°. As a
result of the constant angular coverage, the vertical extent of
the facets is greater toward the exit surface of the optic. A
larger increment in angle would result in a larger length of all
facets in the vertical direction. The convex lens surface at the
center of the optic 400 is, likewise, faceted, typically into only
a few vertical facets. In the depicted example, the lens is
divided into two facets, each comprising 45°, as indicated by
arrows 404.

FIG. 4B shows faceting of the optic 400 in the azimuthal
direction. In typical embodiments, the number of azimuthal
facets is the same for both the paraboloid and the central lens
(although it does not have to be). In the embodiment illus-
trated, each facet covers an azimuthal angle of 20°(corre-
sponding to the angular separation of the radial lines), yield-
ing a total of eighteen facets. (Here, the larger the angle
specified, the larger will be the length of the facet in the
horizontal plane.) Of course, as the annular extent of the

10

40

45

50

8

facets in both the vertical and horizontal plane becomes
small, the shape of the outer surface of the optic approaches
that of a true paraboloid.

As a described earlier and shown in FIGS. 3A and 3B, the
use of a perfect paraboloid and central convex lens yields
undesirable beam non-uniformities because of the imaging of
the array of LED dies. In a faceted optic, on the other hand, the
facets generally create an overlapping pattern of the die
images, resulting in a more uniform beam. The larger the
facets, the more effectively any non-uniformities in the light
source will be blurred in the beam. If the facets are larger than
the area of an individual die, optical resolution of the indi-
vidual dies is not achieved. However, increasing the angular
extent of the facets so that they become large compared to the
die area also yields unsatisfactory results, as the facets create
their own unwanted artifacts. Thus, it may be desirable to
utilize facets that are not excessively larger than the die (e.g.,
have a maximum area not exceeding ten times, or not exceed-
ing five times, the area of the die.)

FIG. 5 illustrates the varying beam patterns that result from
altering the azimuthal extent of the facets (rows in the figure)
of'the paraboloid and the central lens and the vertical extent of
the facets (columns in the figure) of the paraboloid. The beam
patterns are simulated for the same 12-die LED array as used
in FIGS. 2A and 2B. All of the sixteen images in the 4x4-
matrix of FIG. 5 were simulated for optics with a convex
central lens feature segmented vertically into two facets cov-
ering 45° each. The top left image that is set apart from the
matrix, by contrast, corresponds to a true circular cross-sec-
tion and a true paraboloid (i.e., vanishingly small facets in
both directions). It features deleterious imaging of the twelve
dies within the LED array and a clear dark region in the center
where no light is emitted by the array, and, thus, illustrates
that the imaging of the dies becomes very clear when the
convex feature of the exit face of the optic is made perfectly
smooth. Ifthe convex lens is faceted, a significant increase in
center beam brightness can be achieved. For example, with a
lens divided into two vertical, the center beam brightness
increases by about 13%.

As shown in FIG. 5, when a smaller number of wide facets
in the azimuthal direction is coupled with a larger number of
short facets in the vertical direction (which results in a nearly
true parabolic vertical cross-section), artifacts corresponding
to the azimuthal faceting appear in the outer region of the
emitted beam. For example, the upper right-hand image in
FIG. 5, which couples dense vertical faceting with only eigh-
teen azimuthal facets over the 360° circumference of the lens,
clearly exhibits a star-shaped beam profile. However, as the
parabola itself'is made more coarse in the vertical direction by
breaking its cross-section into fewer but longer linear seg-
ments (and thus deviating more from the true continuous
parabolic curve and travelling downward in FIG. 5), it fails to
resolve the star-shaped pattern created by the coarse circular
features. At the same time, the larger facet size in the vertical
direction increases the diameter of the beam’s bright central
region. So, while the undesirable outer feature is removed,
this result is accompanied by an undesirable wider beam
angle.

An optimum design, albeit somewhat subjective, lies near
the center of the 4x4 matrix of FIG. 5. Here, the beam is
narrow and has a bright beam center, while an examination of
the structure of the beam by making contour plots of the
image shows little if any resolution of the individual dies.
These optics contain facets whose largest area is approxi-
mately the same as the area of the LED array. Designs that
have a maximum facet area of about half the collective die
area are preferred in many embodiments. (Because the facets
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each cover the same angle, their linear dimensions vary, so
that the optics contain facets of smaller areas as well.)

FIGS. 6 A and 6B illustrate the effect of various numbers of
facets in the vertical direction (for the paraboloid) and the
azimuthal direction (for the paraboloid and central lens) on
the center beam brightness and beam divergence quantita-
tively. As can be seen from a comparison of FIG. 6 A with FI1G.
6B, there is an overall negative correlation between center
beam brightness and beam divergence. Further, while the
beam divergence generally increases as the facets become
larger and less numerous, the extreme case of large numbers
of facets in both the vertical and the longitudinal directions
causes a particularly high divergence. This effect is due to the
imaging of the light source for a nearly smooth optic, and the
resulting “hole” in the beam center, which pushes out the
points of maximum beam brightness, from which the drop to
half-maximum intensity is measured.

The optimal design of an optic in accordance herewith
depends on the desired beam characteristics, which, as illus-
trated previously, generally involve a trade-off between low
beam divergence and high beam uniformity and between
non-uniformities of different physical origin. In quantifying
the performance of the optic, the various beam parameters
may be of different relative relevance for different applica-
tions. One approach to determining an optimal (or near-opti-
mal) design includes specifying a maximum allowable beam
divergence—for example, in terms of an absolute beam diver-
gence angle (e.g., 20° or in terms of beam broadening relative
to the baseline divergence achieved with a smooth optic (e.g.,
20% increase, 10% increase, or 5% increase in the angle of
divergence)—and then varying the facet dimensions, within
the constraints imposed by the desired beam divergence, to
minimize beam uniformities. In applications where the beam
divergence is less crucial, the facets may, alternatively, be
sized to optimize the trade-off between imaging of the light
source and unwanted artifacts created by the facets. In yet
another approach, a desirable degree of beam uniformity is
specified (e.g., so as to ensure that the beam profile does not
contain any visible local variations in brightness), and the
beam divergence is minimized, or the central beam brightness
maximized, under this constraint. For example, as a 5% con-
trast between a dark feature and a surrounding bright beam
area is usually clearly visible, the tolerable level of local
variations in beam brightness may be set to a level below 5%,
e.g., to 1%. Of course, as explained above, the various beam
performance parameters are related. For example, a “donut
hole” in a beam pattern affects both beam divergence and
beam uniformity. with a “donut hole,” a

For optics with central lens features, the number of facets
may, in principle, be determined independently for the
paraboloid and lens in both the vertical and azimuthal direc-
tions. However, to retain the radial symmetry of the lens, the
number of azimuthal segments is often constrained to be the
same for the paraboloid and lens. In many embodiments, the
facets all cover the same vertical and azimuthal angles; how-
ever, the angle may, alternatively, vary along the surface of the
optic. For example, the facets may all have the same length
(i.e., vertical dimension) or same area, resulting in larger
angular coverage for facets closer to the focal plane. Further,
while various preferred embodiments utilize planar facets,
the facets may, in some embodiments, be curved in one or two
dimensions. Curved facets may result from a deliberate
design choice to improve certain beam characteristics, or be a
consequence of manufacturing practicalities. For example, it
may be difficult to create a convex lens feature with perfectly
planar facets meeting at a sharp point in the front. To avoid
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manufacturing inaccuracies, the sharp tip may be deliberately
rounded off to merge the most frontal row of lens facets into
a uniformly curved surface.

For a given set of desired beam characteristics, the optimal
size(s) of the facets depends, among other things, on the
overall size of the light source as well as the number, size, and
arrangement of the individual dies and the spacing between
them. For example, as the separation between the dies gets
larger, the light needs to be “mixed up” more to obscure the
boundaries, generally requiring larger facets. As the light
source itself gets more uniform, smaller facets may be used as
artifacts resulting from the facets are more easily avoided.
Further, if the LED array includes a die at the center, the
problem of a dark hole in the beam center is avoided; in this
case, the optic may be designed without a central lens, or the
central lens may include a large number of small azimuthal
segments. The facet size also depends on the shape and
dimensions of the optic; a shallower parabola (i.e., one with a
smaller angle of coverage) is typically less sensitive to face-
ting, i.e., allows for larger vertical facet dimensions. The total
number of facets depends, of course, on the sizes of both the
facets and the optics (larger optics requiring more facets of a
particular size).

In accordance with empirical results, various preferred
embodiments have central lenses with between one and four
(e.g., two) vertical segments. (With only one vertical seg-
ment, the central lens would take the shape of a cone or
pyramid with as many side faces as there are azimuthal fac-
ets.) The paraboloid is segmented such that each facet covers,
vertically, an angle between about 5° and about 10°. Larger
facets tend to broaden the beam too much, whereas smaller
facets obscure the LED array insufficiently. The number of
azimuthal facets (for both the paraboloid and the central lens)
is preferably in the range from about 30 to about 60. For fewer
than 30 facets, the beam profile tends to exhibit a visible star
pattern, and for more than 60 facets, the light source is imaged
noticeably. The performance of the optic is, typically, good
when the total number of facets (of the paraboloid and central
lens) is about fifty times to about one hundred times the
number if dies in the array.

FIG. 7 depicts a preferred design of an optic in accordance
with one exemplary embodiment. The light beam generated
by this optic is free of visible optical artifacts, despite the light
originating from twelve LED dies, and has a beam divergence
of only about 16° and a high central beam brightness. As
shown, the paraboloid is divided into 54 azimuthal segments
700 of 6.66° each and eleven vertical segments 702 of 5° each.
The largest facets have an area of 8.4 mm?, about half the size
of the die area of approximately 16 mm?. The central lens is
divided into two vertical segments and 54 azimuthal seg-
ments. Accordingly, the total number of facets in this embodi-
ments is about 700, about 58 times the number of dies.

TIR optics in accordance with various embodiments of the
present invention can be manufactured using conventional
injection-molding processes, as are well-known to persons of
skill in the art. Once the shape of the faceted optic has been
determined, that shape may be transferred to a block of metal
to form a mold. For example, a metal tool, such as a router bit
or drill bit, may be used to route or drill a precise hole of the
desired shape into the block, typically in a tightly tempera-
ture-controlled environment to prevent distortion to the
desired features. The tool may be impregnated with a fine
diamond dust, which provides a protective layer that will
resist wear, extending the usable life of the tool. The block is
preferably of a metal soft enough to allow for quick drilling,
yet hard enough to perform the functions of a mold; suitable
metals include, e.g., copper or nickel. Alternatively to
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machining the interior surface of the mold, a master lens may
be formed from a hard, yet machinable material, such as steel
of machinable ceramic, and then used to create the mold.

The finished mold is filled with a suitable optical material,
such as, for example, polymethylmethacrylate (PMMA)
(acrylic glass), polycarbonate, silicone, other transparent
plastic, or glass to form the optic. To manufacture an optic
with front or back features (such as a recessed lens or a
concave entrance surface), a double-cavity mold may be
employed. This mold may be formed in two parts by the same
method as described above. The two parts are assembled to
close the mold, optical material is inserted, and the optic is
formed and then removed from the double-cavity mold.

The terms and expressions employed herein are used as
terms and expressions of description and not of limitation,
and there is no intention, in the use of such terms and expres-
sions, of excluding any equivalents of the features shown and
described or portions thereof. In addition, having described
certain embodiments of the invention, it will be apparent to
those of ordinary skill in the art that other embodiments
incorporating the concepts disclosed herein may be used
without departing from the spirit and scope of the invention.
For example, the specific examples of optics provided herein
are optimized for use in conjunction with a 12-die array, but
the underlying design principles and trends can be readily
extended to optics for use with other light sources. Further,
while faceting is illustrated with respect to TIR optics, various
design considerations are equally applicable to metallic
reflector optics. Accordingly, the described embodiments are
to be considered in all respects as only illustrative and not
restrictive.

What is claimed is:

1. An optic for use in conjunction with an extended light
source comprising a plurality of discrete light sources, the
optic comprising:

asolid paraboloid structure formed of a substantially trans-

parent material and having:

a first end comprising an exit surface at which a light
beam generated by the plurality of discrete light
sources exits the optic and a second end at which the
plurality of discrete light sources are disposed, and

an outer surface comprising a plurality of planar quad-
rilateral facets;

a convex lens structure disposed on the exit surface of
the solid paraboloid structure, the convex lens struc-
ture being centered on an axis of the solid paraboloid
structure at a length from the second end such that a
plurality of rows of facets are disposed on the solid
paraboloid structure along the length between the sec-
ond end and the entire convex lens structure;

wherein the facets are sized and arranged such that a
light beam exiting the first end of the optic, is substan-
tially free of images of the discrete light sources and
artifacts resulting from faceting.

2. The optic of claim 1, wherein the brightness of the beam
varies locally by less than 3%.

3. The optic of claim 1, wherein the brightness of the beam
varies locally by less than 1%.

4. The optic of claim 1, wherein the brightness of the beam
varies locally by 0.3%.

5. The optic of claim 1, wherein a beam divergence angle
exceeds a baseline beam divergence angle by less than 5%.

6. The optic of claim 1, wherein, when the optic is used in
conjunction with an extended light source that does not emit
at the symmetry axis of the paraboloid, the brightness of the
beam is not substantially lower in a center than in regions
surrounding the center.
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7. The optic of claim 1, wherein, when the optic is used in
conjunction with an extended light source that does not emit
light at the symmetry axis of the paraboloid, the beam com-
prises a substantially uniform center portion.

8. The optic of claim 1, wherein the convex lens surface is
recessed from the first end.

9. The optic of claim 1, wherein the convex lens surface
protrudes from the first end.

10. The optic of claim 1, wherein the convex lens surface is
faceted.

11. The optic of claim 10, wherein the convex lens surface
divided into two facets in a vertical direction.

12. The optic of claim 1, wherein a total angular coverage
of'the convex lens and the paraboloid exceeds 75°.

13. The optic of claim 1, wherein a total angular coverage
of'the convex lens and the paraboloid exceeds 80°.

14. The optic of claim 1, wherein a total angular coverage
of'the convex lens and the paraboloid exceeds 85°.

15. The optic of claim 1, wherein the outer surface is
divided into at least thirty and no more than sixty facets in an
azimuthal direction.

16. The optic of claim 1, wherein a vertical angular extent
of the planar facets of the outer surface is in the range from
about 5° to about 10°.

17. The optic of claim 1, wherein all of the facets have
substantially the same vertical angular extent.

18. The optic of claim 1, wherein the extended light source
comprises twelve light-emitting diodes and the outer surface
of'the optic has an angular extent of about 50.5° and is divided
into eleven facets into a vertical direction and into 54 facets in
an azimuthal direction.

19. The optic of claim 1, wherein a total number of facets of
the optic is in the range from about fifty times to about one
hundred times the number of discrete light sources within the
extended light source.

20. The optic of claim 1, wherein the second end of the
optic coincides with the focal plane of the paraboloid.

21. The optic of claim 1, wherein the paraboloid is trun-
cated at the second end.

22. The optic of claim 1, wherein the solid structure further
has a concave entrance face recessed from the second end for
receiving light from the plurality of discrete light sources.

23. An optic for use in conjunction with an extended light
source comprising a plurality of discrete light sources, the
optic comprising:

a solid paraboloid structure formed of a substantially trans-

parent material and having:

an outer surface comprising a plurality of planar quad-
rilateral facets having vertices that collectively define
a faceted paraboloid,

a first end comprising an exit surface at which a light
beam generated by the plurality of discrete light
sources exits the optic and a second end at which the
plurality of discrete light sources are disposed,

a convex lens structure disposed on the exit surface of
the solid paraboloid structure, the convex lens struc-
ture being centered on an axis of the solid paraboloid
structure at a length from the second end such that a
plurality of rows of facets are disposed on the solid
paraboloid structure along the length between the sec-
ond end and the entire convex lens structure;
wherein the facets are sized and arranged such that a

light beam exiting a first end of the optic, opposite
a second end of the optic at which the extended
light source is disposed, is substantially uniform in
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brightness and has a beam divergence angle that
exceeds a baseline beam divergence by less than
10%.

24. The optic of claim 23, wherein the beam divergence
exceeds the baseline beam divergence by less than 5%.

25. An optic for use in conjunction with a plurality of
discrete light sources collectively forming an extended light-
emitting surface, the optic comprising:

a solid structure formed of a substantially transparent

material and defining a truncated paraboloid having:

a first end comprising an exit surface at which a light
beam generated by the plurality of discrete light
sources exits the optic and a second end at which the
plurality of discrete light sources are disposed, and

a convex lens structure disposed on the exit surface the
convex lens structure being centered on an axis of the
truncated paraboloid at a length from the second end
such that a plurality of rows of facets are disposed on
the truncated paraboloid along the length between the
second end and the entire convex lens structure;

a surface of the truncated paraboloid comprising a
plurality of planar quadrilateral facets having ver-
tices that collectively define the truncated parabo-
loid, and the surface of the convex lens structure
being faceted so as to substantially eliminate non-
uniformities of the extended light-emitting surface
in a beam exiting the solid structure at the exit
surface.
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